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Unveiling the Photo‐ and Thermal‐Stability of Cesium Lead Halide Perovskite 
Nanocrystals 
Abstract 
Lead halide perovskites possess unique characteristics well‐suited for optoelectronic and energy capture 
devices, however, concerns about their long‐term stability remain. All‐inorganic CsPbX3 (X = Cl, Br, I) 
perovskite nanocrystals have been reported with improved stability. We investigate the photo‐ and 
thermal‐stability properties of CsPbX3 (X = Cl, Br, I) nanocrystals by electron microscopy, x‐ray diffraction, 
thermogravimetric analysis, ensemble and single particle spectral characterization. CsPbBr¬3 is stable 
under 1‐sun illumination for 16 h in ambient conditions, although single crystal analysis indicates the 
luminescence states change over time. CsPbBr¬3 is also stable to heating to 250 °C. Large CsPbI3 
crystals (34 ± 5 nm) are the least stable under the same conditions; and with heating, the γ (black) phase 
reverts to the non‐luminescent δ phase. Smaller CsPbI3 nanocrystals (14 ± 2 nm) purified by a different 
washing strategy exhibit improved photostability with no evidence of crystal growth but are still thermally 
unstable. Both CsPbCl3 and CsPbBr3 show crystal growth under irradiation or heat, likely with a 
preferential orientation. TGA‐FTIR reveals nanocrystal mass loss was only from liberation and 
subsequent degradation of surface ligands. Encapsulation or other protective strategies should be 
employed for long‐term stability under conditions of high irradiance or temperature. 
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Abstract 
Lead halide perovskites possess unique characteristics that are well-suited for 
optoelectronic and energy capture devices, however, concerns about their long-term stability 
remain. Limited stability is often linked to the methylammonium cation, and all-inorganic 
CsPbX3 (X = Cl, Br, I) perovskite nanocrystals have been reported with improved stability. In 
this work, the photostability and thermal stability properties of CsPbX3 (X = Cl, Br, I) 
nanocrystals were investigated via electron microscopy, x-ray diffraction, thermogravimetric 
analysis coupled with FTIR (TGA-FTIR), ensemble and single particle spectral characterization.  
CsPbBr3 was found to be stable under 1-sun illumination for 16 h in ambient conditions, 
although single crystal luminescence analysis after illumination via a solar simulator indicates 
that the luminescence states are changing over time. CsPbBr3 was also stable to heating to 250 
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same conditions as both XRD reflections and Raman bands diminish under irradiation; and with 
heating the g (black) phase reverts to the non-luminescent δ phase. Smaller CsPbI3 nanocrystals 
(14 ± 2 nm) purified by a different washing strategy exhibited improved photostability with no 
evidence of crystal growth but were still thermally unstable. Both CsPbCl3 and CsPbBr3 show 
crystal growth under irradiation or heat, likely with a preferential orientation based on XRD 
patterns. TGA-FTIR revealed nanocrystal mass loss was only from liberation and subsequent 
degradation of surface ligands. Encapsulation or other protective strategies should be employed 
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The photophysical properties of cesium lead halide nanocrystals show great 
promise in derived devices due to high quantum yields and tunable visible 
photoluminescence, but stability concerns remain. In this work, the photostability 
and thermal stability of cesium lead halide nanocrystals were investigated using a 
combination of X-ray diffraction, Raman spectroscopy, single crystal luminescence 
imaging, and thermal gravimetric analysis. The observed changes in the 
nanocrystals as a result of illumination and heating were found to be highly 
dependent on halide composition. 
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Introduction  
The unique photophysical properties and straightforward synthesis of perovskite-based 
materials make them promising materials for solar energy applications.[1-4] The first-generation 
methylammonium lead halide (MAPbX3) perovskites have been shown to degrade rapidly when 
exposed to ambient conditions with moderate humidity,[5] which led to the increased study of 
new compositions such as the all-inorganic cesium lead halide (CsPbX3) perovskites. CsPbX3 
nanocrystals have been incorporated into solar cells achieving a record 13.4% power conversion 
efficiency (PCE).[6-10] In addition to light absorption or conversion for energy capture, these 
materials have been reported for possible use in laser media,[11-14] LEDs,[15-18] and 
photodetectors.[12, 19-20] 
Most reported syntheses of CsPbX3 follow the work of Protesescu et al. who 
demonstrated a simple, solution-based synthesis for nanocrystals with high luminescence.[15] 
Other syntheses have expanded this general idea by generating multiple nanocrystal 
morphologies through ligand mediation[21-22] and reaction tuning,[23] by using different 
surface ligands for improved quantum yields,[24-25] by increasing surface passivation/repair via 
salt solutions,[26-29] as well as by generating other cation/anion compositions through 
doping[17, 30-35] or post-synthetic ion exchange.[19, 22, 36-39] In addition, triple-cation 
(Cs,formamidinium,methylammonium)PbX3 materials have been developed with the goal of 
increasing stability while maintaining bright luminescence.[26, 40]  
The photophysics of MAPbX3 nanocrystals have been extensively studied,[41-50] and 
there are several reports on various luminescence properties of CsPbX3.[51-54] Park et al. 
observed strong photon antibunching as well as blinking behavior ascribed to charge/discharge 
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the lowest triplet exciton for CsPbX3 is bright, which explains the anomalously fast emission 
rates for these materials compared to other semiconductors.[55] Pan et al. first demonstrated 
lanthanide doping into CsPbCl3, showing improved quantum yield and luminescence bands 
across the visible and even into the near-IR region.[56] Both transition metals[35, 57] and rare 
earth metals[34] have been doped into CsPbX3, achieving quantum yields greater than 60% and 
170%, respectively. Beimborn et al. studied the effect of pressure-induced deformation on the 
photoluminescence, which leads to a fully reversible blue shift with decreasing intensity.[58] 
Raino and coworkers observed suppressed blinking and a fast decay from low-temperature (6 K) 
photoluminescence measurements of CsPbClxBr3-x nanocrystals.[53] In contrast, Diroll et al. 
studied high temperature photoluminescence of CsPbX3 nanocrystals (up to 550 K), showing 
reversible photoluminescence loss below 450 K for CsPbBr3 (the highest threshold among the 
compositions studied).[51] 
Since CsPbX3 materials have considerable potential for use in functional devices, the 
stability of their nanocrystals is of utmost importance. CsPbCl3 and CsPbBr3 nanocrystals are 
reported to be stable in the cubic phase, while CsPbI3 slowly reverts to the thermodynamically-
favored δ-phase, which is yellow.[15] This phase change is accelerated with harsh washing 
reagents and, with a more gentle washing strategy—using methyl acetate or MeOAc—CsPbI3, is 
stable in the γ (black) phase for over 2 months.[59] Importantly, the δ phase for CsPbI3 is non-
luminescent, rendering the material unusable for most applications.  Park et al. observe a 16-nm 
blue shift and eventual degradation in CsPbI3 nanocrystals that were caused by the irreversible 
generation of surface defects during photoluminescence measurements.[52] Liu and coworkers 
compare CsPbI3 nanocrystals stabilized with trioctylphosphine (TOP) to those stabilized with 
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quantum yield, and are stable for at least one month under ambient conditions. When dry films of 
the nanocrystals are prepared, however, the common δ-CsPbI3 phase transition is observed after 
3 days. Yuan et al. demonstrated that CsPbI3 nanocrystals undergo irreversible photodegradation 
that quenches the photoluminescence under light irradiation.[54] For films in air, 
photobrightening followed by photodegradation was observed under illumination, and 
degradation is also observed for films in dark, ambient conditions. Additionally, several groups 
have been developing methods of protecting the perovskite structure from moisture, including 
overlaying silicone resins,[60] preparing polymer or related composites,[61-63] and coating with 
zwitterion[64] or metal complexes.[17, 65] 
A recent report by Liao et al. describes the thermal stability of cesium lead halide 
perovskites from -190 to 500 °C using Raman spectroscopy and XRD.[66] They found that 
CsPbCl3 nanocrystals were the most thermally stable among (X=Cl, Br, I) compositions, as 
CsPbBr3 and CsPbI3 nanocrystals decomposed at ~400 and 200 °C, respectively. Though several 
stability studies have been performed on CsPbX3 nanocrystals, as well as their derived 
devices,[67] to the best of our knowledge a fundamental study describing how the halide 
composition of the perovskites affects the photostability and photophysical states of the 
nanocrystals has not yet been performed. With this work, we set out to understand the connection 
between the photophysical properties of the CsPbX3 perovskite materials and their stability under 
conditions likely encountered in many applications, namely light irradiance and thermal stress. 
 
Results and Discussion  
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Figure 1. TEM images, size histograms, and XRD patterns for cesium lead perovskite nanocrystals. 
 
Cesium lead halide perovskite nanocrystals were prepared via a modified literature 
method[15] with the goal of understanding their photophysical properties as well as their 
photostabilty and thermal stability. Figure 1 shows electron microscopy images, size histograms, 
and XRD patterns for the cesium lead halide nanocrystals. In general, the nanocrystals exhibit 
cubic morphology, although the CsPbCl3 sample also showed evidence of platelets/stacking. 
When using identical synthetic conditions, the CsPbI3 sample always formed larger nanocrystals 
than the other compositions after washing with acetone/methanol. The sizes of the nanocrystals 
washed with acetone/methanol were 17 ± 3 nm for CsPbCl3, 17 ± 4 nm for CsPbBr3, and 34 ± 5 
nm for CsPbI3. The size difference should not have a pronounced effect on the nanocrystal 
photophysics as all of these sizes are above the Bohr radii for CsPbX3 nanocrystals.  In an effort, 
however, to isolate CsPbI3 nanocrystals of a smaller size, another sample of crystals was washed 
with methyl acetate. The methyl acetate washed CsPbI3 nanocrystals had a size of 14 ± 2 nm, 
similar to the acetone/methanol washed CsPbCl3 and CsPbBr3 nanocrystals.[59] While the size of 
the nanocrystals are similar, the surface chemistry can vary due to the different wash procedures, 
thus becoming another variable that may affect the photophysics and stability. For clarity, the 
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MeOAc show nearly ideal cubic morphologies, which is consistent with highly crystalline 
surfaces. The XRD patterns of the nanocrystals are consistent with cubic standard patterns, 
although previous work on CsPbX3 nanocrystals using Rietveld refinement has shown the PbX6 
octahedra can undergo dynamic distortions and rotations that lead to disorder and a resultant 
orthorhombic γ-phase for both CsPbBr3 and CsPbI3.[68-69]  
  Solution absorption and photoluminescence spectra for the nanocrystals are shown in 
Figure 2. The photoluminescence λmax data are consistent with literature values for these 
materials and are 413, 523, 698, and 687 nm for CsPbCl3, CsPbBr3, CsPbI3, and CsPbI3-MeOAc, 
respectively.[15] Photoluminescence decay curves (Figure S1) yield average lifetimes for 
CsPbCl3, CsPbBr3, and CsPbI3 of 1.2, 2.3, and 41.5 ns, respectively (the CsPbI3-MeOAc sample 
was not measured). These values are consistent with previous reports,[15] although the CsPbI3 
sample showed a slightly longer lifetime, which is likely due to a larger average crystal size for 
the CsPbI3 nanocrystals.  
 
Figure 2. Solution absorption (black) and photoluminescence (color) spectra of the CsPbX3 nanocrystals. The full 
width at half maximum values were 13, 22, 33, and 40 nm for CsPbCl3, CsPbBr3, CsPbI3, and CsPbI3-MeOAc, 
respectively.  
 
To assess the photophysics of the perovskite nanocrystals further, single particle 
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nanocrystals. For the CsPbCl3 sample, the signal-to-noise ratio (SNR) was too low for 
quantification of the luminescence from single crystals, as shown by representative images from 
luminescence movies (Figure S2). This could be due to the presence of platelets in this sample, 
which has been shown to lead to more defects within the material due to a high surface area, and 
thus lower luminescence intensity.[70] The photoluminescence traces for CsPbBr3, CsPbI3 and 
CsPbI3-MeOAc nanocrystals were categorized into constant- (intensity not significantly 
changing), photobleaching- (decreasing intensity), photobrightening- (increasing intensity), and 
bimodal- (two distinct intensity levels) luminescence types. Full information on the categories 
and mathematical treatment is available in Supporting Information, with resultsshown in Figure 
S3. In general, the nanocrystals from each halide composition spend the majority of the time in 
the ON state, regardless of luminescence type. The CsPbBr3, CsPbI3, and CsPbI3-MeOAc 
nanocrystals were on for 87%, 97%, and 99% of the total analysis time, respectively. However, 
the populations of constant-, photobleaching-, photobrightening-, and bimodal-PL nanocrystals 
for the same compositions were approximately 4:2:1:1 (Br), 2:2:2:1 (I), and 5:18:1:1 (I-MeOAc) 
as shown in Table S1. Thus, while the CsPbBr3 nanocrystals spend, on average, less total time in 
the ON state, there is a higher population of nanocrystals with stable luminescence when 
compared to the iodide-containing samples. CsPbI3 nanocrystals showed similar populations of 
constant-, photobleaching-, and photobrightening-PL, whereas the CsPbI3-MeOAc nanocrystals 
showed the highest tendency for photobleaching and had smaller populations with 
photobrightening- or bimodal-PL behavior. In a previous study on CH3NH3PbI3 nanocrystals, 
photobleaching was the most common luminescence type observed, and this was attributed to 
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From the single crystal luminescence data, ON-OFF event histograms were extracted and 
fit to a power law decay and to a 3-exponential decay, using a maximum likelihood method. 
Maximum likelihood method was used because it has been shown to provide more accurate fit 
values when compared to residual minimization in sparse data sets.[71] The results of the ON-
OFF fitting are shown in Figure 3, and the fit parameters are listed in Table S1.  Tabulating 
histograms for single nanocrystals (267 for CsPbBr3, 233 for CsPbI3, and 250 for CsPbI3-
MeOAc), the most ON/OFF events were recorded for CsPbBr3 nanocrystals, which had 
approximately 8× and 50× more total events than those recorded for CsPbI3 and CsPbI3-MeOAc, 
respectively. This indicates a higher probability of non-radiative recombination centers as a 
result of surface defects in the CsPbBr3 sample. Interestingly, CsPbI3-MeOAc nanocrystals have 
the longest lived ON state, and very few recorded OFF events. This is likely due to high 
crystallinity and reduced surface defects (as shown by near ideal cubic morphologies in TEM 
images). Comparing the power law and multi-exponential fits, the power law did not produce a 
good fit for the CsPbI3 and CsPbI3-MeOAc ON events, whereas the multi-exponential fit shows 
the tailing (to shorter durations) of the longer lived events. This observation is reminiscent of 
previous work showing events with longer ON times deviate from power law fits for CsPbI3 
nanocrystals.[52] Also, CsPbI3 ON events are longer lived than CsPbBr3, while the OFF states 
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Figure 3. ON-OFF histogram plots of (A, B) CsPbBr3, (C, D) CsPbI3, and (E,F)  CsPbI3-MeOAc nanocrystals, based 
on analysis of 267, 233, and 250 nanocrystals, respectively. The data were fit using maximum likelihood estimation 
to a power law and a 3-exponential to better fit the non-Gaussian distributions of states.  
 
 
Photostability of CsPbX3 Nanocrystals 
To assess nanocrystal photostability, a solar simulator was used to illuminate drop cast 
nanocrystal films under ambient conditions. XRD patterns of the samples after 2, 4, and 16 h of 
illumination are shown in Figure 4. Also, as a control experiment, a set of samples of each 
halide composition was kept in the dark under ambient conditions (Figure S4), which showed no 
structural changes over 16 h. CsPbBr3 and CsPbCl3 nanocrystals showed enhancement of the 
(100) and (200) planes, indicating possible orientation effects or anisotropic crystal growth under 
illumination. Crystal growth is also supported by a decrease in the width of the reflections, which 
is most evident for the CsPbBr3 sample after 2 h of illumination. The apparent increase in crystal 
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peaks at 15 and 15.2° 2θ, and at 30.4 and 30.7° 2θ. The CsPbI3 nanocrystals showed significant 
loss of nearly all reflections after 16 h illumination, indicative of sample degradation into non-
crystalline products. Interestingly, the CsPbI3-MeOAc sample does not show signs of crystal 
growth and retains all major reflections of the γ-phase. This indicates that their more ideal 
crystalline surface improves the photostability of the nanocrystals.  
 
Figure 4. XRD patterns of A) CsPbCl3, B) CsPbBr3, C) CsPbI3, and D) CsPbI3-MeOAc nanocrystals before (fresh) 
and after exposure to a solar simulator from 2-16 h. 
 
 
The XRD results are supported by Raman measurements of samples after solar simulator 
exposure (Figure S5). The nanocrystals of different halide compositions have similar Raman 
spectra, with one main band between 50 and 120 cm-1 and a broad response extending to ~200 
cm-1. This single broad band (as opposed to sharp, well-defined bands commonly observed in 
Raman spectra) is likely due to dynamic disorder within the nanocrystals at room 
temperature.[72] The Raman band intensity increases for both CsPbCl3 and CsPbBr3 up to 120 
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growth. CsPbI3 is the only sample that degrades over time with solar simulator exposure based 
on the Raman spectrum. 
To decouple the synergistic effect of ambient moisture combined with light illumination 
on the nanocrystal stability, experiments were carried out using CsPbI3-MeOAc nanocrystals 
illuminated with the solar simulator in a glove box under moisture-free conditions. The results 
are shown in the Supporting Information (S.I.) file. Comparing the results to ambient conditions, 
little to no effect on the photostability is attributed to the ambient moisture. 
 To monitor the effect of illumination on the photophysical states of the nanocrystals, 
single crystal luminescence movies were collected on diluted samples after 2 and 4 h of 
illumination by the solar simulator. The histograms are shown in Figure 5, with fit statistics 
shown in Table S2. The CsPbBr3 sample showed the most significant change after light 
exposure; ON events were both fewer in number and much shorter in duration. Likewise, 
 
Figure 5. ON-OFF histograms of CsPbBr3, CsPbI3, and CsPbI3-MeOAc nanocrystals following solar simulator 
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OFF events for this sample trended toward longer times while also decreasing in number of 
occurrences. For the CsPbI3 sample, the ON-OFF histograms after 2 and 4 h solar simulator 
exposure show very similar characteristics in both number of events and trends for fit 
parameters, with only slight increases in longer lived states. Thus, while XRD shows the material 
eventually degraded after 16 h, the photophysical states do not appear to change over the first 4 
h. For the CsPbI3-MeOAc sample, which exhibited few ON-OFF events prior to illumination, the 
ON-OFF histograms after 2 and 4 h solar simulator exposure show steadily increasing numbers 
of ON-OFF events, especially OFF events with longer durations. Combining the results from all 
photostability experiments, the CsPbBr3 and CsPbI3-MeOAc nanocrystals both undergo changes 
in their luminescence states over time, which is one measure of photo-instability.  
Thermal Stability of CsPbX3 Nanocrystals 
 Even though the photostability is critically important for these materials in downstream 
applications, for many applications the thermal stability is important as well.  In an effort to 
elucidate the thermal stability and compare to the photostability data of these nanocrystals, 
thermal stability measurements were performed. A temperature-controlled stage was used to 
expose drop-cast samples of nanocrystals to elevated temperatures after purging with nitrogen, 
and then XRD patterns were collected. The XRD patterns for the CsPbX3 perovskite 
nanocrystals after heating are shown in Figure 6. For the three halide compositions, there are 
three different outcomes as a result of elevated temperatures. CsPbCl3 nanocrystals initially show 
crystal growth up to 100 °C but show signs of degradation at 250 °C based on the SNR of the 
XRD pattern. While the cubic phase appears to be degrading, the identity of the degradation 
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photostability measurements upon heating, that is crystal growth leads to a decrease in the width 
of the reflections and a clear orthorhombic pattern emerges. The crystal structure persisted even 
up to 250 °C. On the other hand, CsPbI3 nanocrystals undergo a structural change beginning at 
50 °C showing a transition from the luminescent γ-phase to a combination of PbI2 and δ-phase 
CsPbI3 (which is yellow in color, non-luminescent and thus not viable for devices). By 250 °C, 
the phase change is essentially complete, and there is a loss of all γ-phase reflections. It is known 
that the δ-phase is thermodynamically favored,[73] so this result makes sense at the elevated 
temperature. The CsPbI3-MeOAc sample undergoes a very similar structural change from the γ-
phase to the δ-phase above 100 °C. Both CsPbI3 samples show reflections from PbI2. Dastidar et 
al. showed CsPbI3 is stable in the cubic phase up to 100 °C in a dry environment, thus our results 
confirm atmospheric moisture combined with heating accelerate the δ-phase transition.[74] 
Compared to the samples studied by Liao et al. wherein no crystal growth was reported, our 
CsPbI3 and CsPbI3-MeOAc samples underwent phase changes at lower temperatures and 
exhibited crystal growth. As with the photostability study, a sample of CsPbI3-MeOAc 
nanocrystals was heated under moisture-free conditions using a glove box. The results are shown 
in S.I. file. The degradation pattern is the same at 250°, showing a combination of PbI¬2 and δ-
phase reflections. In the ambient measurement, a partial degradation was observed at 100 °C 
while no degradation was observed in the moisture-free sample. Thus, moisture does not alter the 
degradation process but may change the temperature of degradation onset. With the exception of 
CsPbI3, no clear degradation products are observed in the XRD patterns, so other complementary 
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Figure 6. XRD patterns of A) CsPbCl3 B) CsPbBr3 and C) CsPbI3 and D) CsPbI3-MeOAc nanocrystals following 
exposure to the elevated temperatures shown. 
 
 
Raman spectra were acquired for each halide composition at room temperature (21 °C) 
and then after heating to 250 °C and cooling back to room temperature (Figure 7). The high 
temperature spectra are not shown as the high kinetic energy produces a high background that 
obscures the Raman signal for all samples. Importantly, CsPbI3 is the only sample that does not 
recover the original band structure, which would be consistent with XRD results if the δ-phase 
has a lower Raman cross section than the γ-phase. The other halides show similar spectra before 
and after heating, with a slight increase in the band around ~120 cm-1 for CsPbBr3. For CsPbCl3, 
it is curious that the Raman spectrum is retained after heating but the sample appears to be 
partially degraded in the XRD results. This could be due to the difference in sampling between 
these techniques: XRD probes a large sample area, whereas Raman spectroscopy is collected on 
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single crystals (and there is minimal degradation of aggregates), the Raman spectrum would 
remain relatively unchanged while the XRD pattern would decrease, as shown in our results.  
 
Figure 7. Raman spectra of A) CsPbCl3, B) CsPbBr3, and C) CsPbI3 nanocrystals before and after heating to 250 °C 
and allowing the samples to cool. 
 
 
 Single crystal luminescence movies could not be collected during heating cycles due to 
instrument limitations, so solution-phase fluorescence spectra were acquired to observe the effect 
of temperature on the luminescence band for CsPbX3 nanocrystals (Figure S7). In general, an 
increase in temperature leads to luminescence quenching when the thermal (kT) energy 
approaches the trap state energy.[51] We observe this as well (by comparing the SNR of 
normalized spectra), along with slight shifts in the luminescence maximum. The CsPbCl3 sample 
shows a slight red shift as temperature is increased, which appears to be partially reversible after 
cooling back to room temperature. For CsPbBr3 and CsPbI3, slight blue shifts are observed with 
heating, however, CsPbBr3 does not shift back upon cooling, indicating an irreversible process 
occurred. In contrast, CsPbI3 completely recovers the original luminescence maximum. 
Irreversible processes typically involve changes within the material, while reversible processes 
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Figure 8. TGA-FTIR Mass loss and Gram-Schmidt curves for CsPbX3 nanocrystals from 40-500 °C. The Gram-
Schmidt curves monitor the total change in FTIR signal over time, indicating FTIR detection of mass loss products. 
 
 
  The thermal decomposition products were further analyzed with TGA-FTIR 
measurements and the results are shown in Figure 8. In addition to mass loss plots, the Gram-
Schmidt curves for each sample are shown as well, which represent the total change in the FTIR 
signal based on successive measurements. In all samples, the mass loss from roughly 100-200 °C 
corresponded with oleylamine and oleic acid surface ligands, while the rest of the mass loss 
above 250 °C is due to CO2, which can be from reaction and breakdown of the surface ligands 
with the O2 from the 80% N2 and 20% O2 gas flow used in these measurements. Though 
octadecene is present in the reaction as well, it has been shown that oleic acid and oleylamine are 
the binding surface ligands, and the chemistry at the surface of these crystals is dynamic and 
cooperative.[75-76] These results are similar to recent reports showing TGA measurements of 
CsPbI3,[74] CsPbBr3,[77] and Mn2+-doped CsPbCl3.[30] In the case of CsPbI3, the previous 
report indicates the bulk material begins to degrade above 400 °C, which helps explain the rapid 
mass loss we observed for nanocrystals of the same composition. Representative FTIR spectra 
(Figure S8) show the surface ligands and CO2 signal measured at selected temperatures. In all 
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Conclusions 
The halide composition of the CsPbX3 nanocrystals has a significant effect on their 
stability. While exhibiting bright luminescence and good photostability, CsPbI3-MeOAc 
nanocrystals are the most prone to degradation under heating. CsPbI3 nanocrystals exhibit the 
most stable photophysical states by single crystal luminescence analysis, but eventually degrade 
under light and readily degrade under heating. CsPbBr3 nanocrystals are the most resilient to 
degradation, though the photophysical states appear to change based on single crystal 
luminescence analysis during illumination in ambient conditions, which does represent photo-
instability. CsPbCl3 showed good stability under illumination and at elevated temperature, with 
possible crystal growth or orientation effects observed during illumination. While the smaller 
CsPbI3-MeOAc nanocrystals show improved photostability compared to larger CsPbI3 
nanocrystals, it is also possible that surface chemistry differences in these two samples produce 
some or all of this effect. Additional experiments will be informative in unravelling which has 
the more dominant effect. Substituting Cs+ in place of the methylammonium cation improves the 
stability for all compositions based on a comparison to published data,7 although surface 
protection or encapsulation is still necessary for long-term downstream applications of CsPbX3 
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Lead chloride (PbCl2, 99%), lead bromide (PbBr2, 99%), lead iodide (PbI2, 99%), 1-
octadecene (ODE, 90%), oleic acid (OA, 90%), oleylamine (OLA, 80-90%), and cesium 
carbonate (Cs2CO3, 99.9%) were purchased from Sigma Aldrich. 
Preparation of the Nanocrystals 
CsPbX3 nanocrystals were synthesized using a modified literature procedure.[15] Briefly, 
PbX2 (0.188 mol), PbCl2 (0.087 g), PbBr2 (0.069 g), PbI2 (0.052 g), was added to an oven-dry 
three-neck 250 mL flask containing ODE (5 mL),  oleic acid (0.5 mL), and oleylamine (0.5 mL). 
The contents were degassed at 80 °C for 1 h and the flask was refilled with Ar and heated to 150 
°C. A Cs-oleate solution (0.4 mL, 0.125 M in ODE) prepared by dissolving Cs2CO3 (2.49 mmol, 
0.814g) in 40 mL of ODE was quickly injected, and 5 s later the reaction mixture was cooled by 
an ice-water bath. The nanocrystals were purified by crashing two times with 1:1 (v/v) 
acetone/methanol solution and centrifugation at 4500 rpm for 5 min followed by redispersion in 
5 mL of toluene. In the case of CsPbI3, purification was also carried out using methyl acetate in 
order to generate smaller nanocrystals, following the work of Swarnkar et al,[59] subsequently 
referred to as CsPbI3-MeOAc.   
Transmission electron microscopy (TEM) was performed using a Tecnai G2 F20 field 
emission TEM instrument (FEI, Hillsboro, OR) operating at ≤200 kV. Samples were prepared by 
placing 1 or 2 drops of concentrated toluene solutions onto carbon-coated copper grids. Powder 
X-ray diffraction (XRD) was measured using Cu Kα radiation on an Ultima IV diffractometer 
(Rigaku, The Woodlands, TX). The scanning range was 10-60° 2θ, with a step size of 0.02°. 
Optical Characterization 
Solution extinction (absorption plus scattering) spectra were measured using a 
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photoluminescence (PL) spectra were measured using a Nanolog scanning spectrofluorometer 
(HORIBA Scientific, Edison, NJ) equipped with a liquid nitrogen-cooled InGaAs photodiode 
array. The excitation wavelength was 350 nm for CsPbCl3 and CsPbBr3, and 500 nm for CsPbI3. 
Single crystal photoluminescence movies were recorded on an Eclipse 80i upright 
microscope (Nikon Instruments, Melville, NY) fitted with a 100× (1.49 NA) oil immersion 
objective. An Xcite 120 PC mercury lamp was used for excitation (EXPO Photonic Solutions, 
Quebec City, Quebec, Canada). The nanocrystals were diluted 1:100 and sonicated for 60 min 
prior to drop casting onto glass microscope coverslips (Electron Microscopy Sciences, Hatfield, 
PA). 500 ± 10 nm excitation and 535 ± 15 nm emission filters were used for CsPbBr3, and 510 ± 
10 nm excitation and 731 ± 70 nm emission filters were used for CsPbI3. The epi-luminescence 
was detected by an Evolve EMCCD camera (Photometrics, Tuscon, AZ). PL movies were 
collected with an acquisition time of 20 ms and a length of 2000 frames, and factoring in readout 
time the total analysis time was 60 s. The EM gain settings for each sample type were 20× 
(CsPbBr3), and 1× (CsPbI3), and 5 movies of each sample type were recorded. 
Raman microspectroscopy was performed on nanocrystals using an XploRA Plus 
confocal Raman microscope (HORIBA Scientific, Edison, NJ) fitted with a 100× (0.90 NA) 
objective. The samples were drop cast onto glass slides and dried under ambient conditions. A 
785-nm laser operating at 0.8 mW (~2 × 104 W/cm2) was used for excitation with an edge filter, 
allowing for data collection down to 40 cm-1. Two accumulations of 60 s each were acquired to 
exclude cosmic rays. The data were plotted using IGOR 6.37 (WaveMetrics, Portland, OR).  
Photostability Study 
To assess the photostability of the nanocrystals, a model 10500 compact solar simulator 
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intervals, Raman spectra and XRD patterns were collected on full-concentration samples, while 
single crystal luminescence movies and luminescence spectra were collected on 1:100 diluted 
samples to observe signs of degradation. All measurements were carried out using conditions 
outlined above. 
Thermal Stability Study  
For thermal stability measurements, 10 μL of the nanocrystal samples was drop cast onto 
cover glass and was allowed to dry for 30 min. A THMS600 temperature stage equipped with a 
LNP95 liquid nitrogen pump (Linkam Scientific Instruments, Tadworth, UK) was used to heat 
the samples after purging with nitrogen, using a ramp rate of 40 °C/min and allowing 30 min 
stabilization time for temperature changes. For Raman spectra, a 50× (0.5 NA) long working 
distance objective was used, acquiring spectra at room temperature, then 250 °C, then after 
cooling back to room temperature. XRD patterns were collected for samples heated to 50, 100, 
and 250 °C with stabilization periods of 5 min after being resuspended in toluene and drop 
casted onto a silicon XRD sample holder.  
Thermogravimetric analysis coupled with FTIR (TGA-FTIR) was performed on an 
STA449F1 TGA/DSC System (Netzsch, Selb, Germany) using Al2O3 crucibles. The temperature 
program was an isothermal step at 40 °C for 5 min followed by a 10 °C/min ramp from 40-500 
°C. The purge gases were set to 10 mL/min high purity N2, 10 mL/min high-purity O2, and 30 
mL/min high-purity N2 on the protective line to simulate air while maintaining low residual H2O 
in the furnace. The system was coupled to a Tensor 10 FTIR (Bruker, Billerica, MA) equipped 
with a TGA-IR temperature controlled 10 cm lightpipe sample stage set to 200 °C, and transfer 
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Additional experimental details, Time-correlated photoluminescence, representative 
photoluminescence movies, plots of luminescence types, counting statistics for 
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